The unimolecular photochemistry of aldehydes has been extensively studied, both experimentally and computationally. However, less is known about the role of cross-molecular photochemical processes in the condensed-phase photolysis of aldehydes. The triplet-state photochemistry of pentanal in its pentameric (n = 5) cluster was investigated as a model for photochemical reactions of aliphatic aldehydes in atmospheric aerosols. This study employs ''on the fly'' dynamics simulations using a semi-empirical MRCI electronic code for the singlet and triplet states involved. Previous studies have shown that the triplet-state photochemistry of an isolated pentanal molecule is dominated by Norrish I and II reactions. The main findings for the cluster are: (1) 55% of the trajectories lead to a unimolecular or cross-molecular reaction within a timescale of 100 ps; (2) cross-molecular reactions occur in over 70% of the reactive trajectories; (3) the main cross-molecular processes involve an H-atom transfer from the CHO group of the excited pentanal to an O atom of a nearby pentanal; and (4) the unimolecular Norrish II reaction is suppressed by the cluster environment. The predictions are qualitatively supported by experimental results on the condensed-phase photolysis of an aliphatic aldehyde, undecanal. The computational approach should be useful for predicting the mechanisms of other condensed-phase organic photochemical reactions. These results demonstrate a major role of cross-molecular processes in the condensed-phase photolysis of carbonyls. The cross-molecular reactions discussed in this work are relevant to photolysis-driven processes in atmospheric organic aerosols. It is expected that the condensed-phase environment of an organic aerosol particle should support a multitude of similar cross-molecular photochemical processes.
I. Introduction
Chemical kinetics and dynamics of unimolecular reactions of isolated molecules in the gas phase are well understood. 1, 2 The framework of a unimolecular process is often applied, at least as an idealization, to condensed phase processes although the effects of the environment on the process can be profound. 3 A good example is photodissociation of small molecules, such as HCl or F 2 , in noble gas matrices and clusters. 4, 5 Photodissociation in such systems is strongly affected by cage effects that greatly alter the process. 6, 7 Matrix effects become more complex and harder to characterize and understand when the medium is molecular, such as an organic solvent. Situations where reactions with neighboring solvent molecules may take place greatly complicate the understanding of the relative roles of unimolecular and crossmolecular processes. Only in relatively few cases has a detailed, quantitative understanding of the connection between unimolecular and cross-molecular reactions in a molecular medium been established so far. Some of the best-studied cases to date are photo-induced reactions in small molecular clusters. For example, Wittig and co-workers studied the photolysis of hydrogen halides HX in HXÁ Á ÁCO 2 complexes, and discovered an important role of the intermediate HOCO in these processes. 8, 9 Zewail and co-workers explored the dynamics of these reactions by ultrafast laser techniques and directly measured the timescales of these processes. 10, 11 Evidence of a cross-molecular reaction was found in a study of photodissociation of HCl in its dimer, (HCl) 2 . 12 In contrast to these relatively small systems, unraveling the dynamics of cross-molecular versus unimolecular reactions in larger systems remains a major challenge. Our main objective is to explore the relative roles of unimolecular and cross-molecular reactions for a carbonyl photodissociation process involving relatively large molecules and predict whether these cross-molecular reactions play an important role in organic and atmospheric photochemistry.
We have chosen pentanal, an aliphatic aldehyde, as a model system to explore the role of cross-reactions in condensedphase photolysis. Carbonyl compounds are widespread in the atmosphere. Certain carbonyls are directly emitted by various sources, but the vast majority of them are produced in the atmosphere by oxidation of hydrocarbons. 13 Photolysis is an important removal pathway for atmospheric carbonyls. In the lower atmosphere, where the availability of radiation is limited to a wavelength of above B290 nm, the photolysis of carbonyls is driven by their weak absorption band in the wavelength range 240-360 nm as a result of a dipole forbidden n -p* transition. 13, 14 Photolysis of aldehydes, such as pentanal, is known to occur through the following pathways:
Process A is the molecular fragmentation channel. Process B represents the fragmentation into two free radicals (Norrish type I splitting). Process C is called a Norrish type II splitting, and it results in acetaldehyde and an alkene as the products. Norrish type II splitting is only possible for aldehydes larger than butanal, and the reason pentanal was selected as the model for this work is to make sure this important channel is included in the calculation. Process D is an H-abstraction process and has been found to be minor in small aldehydes. 15 In the microscopic picture, the photoexcitation promotes the system to the first excited singlet state (S 1 ) of np* character. The S 1 state can either switch to the ground S 0 state via internal conversion, or reach the lowest triplet state T 1 via intersystem crossing (ISC). There is evidence that process B can occur either in the ground state or in the triplet state. 16 Previous studies on the photochemistry of aliphatic aldehydes at atmospherically relevant photolysis wavelengths focused on gasphase photodissociation [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] and its pressure dependence. [31] [32] [33] [34] [35] Photolysis of aldehydes in a condensed matter environment, found for example in atmospheric aerosols, cloud and fog droplets, and in thin films formed on urban surfaces has not been systematically investigated. The extension of the experiments and computer simulations from a bare molecule to a condensed-phase environment presents a real challenge since additional molecules increase the complexity of the system, especially if cross-molecular reactions have to be treated explicitly. To overcome this challenge, we explore the photochemistry by studying a small cluster of pentanal molecules with the aim of reaching conclusions that will hopefully guide us towards understanding the behavior in more realistic condensed-phase systems such as aerosols. We do so by adopting a computational framework that allows for the occurrence of cross-molecular reactions. The structure of the article is as follows: in Section IIa we briefly survey the photochemical dynamics of pentanal, a typical medium-size aldehyde of atmospheric relevance. We outline in Section IIb the computational approach. Section III presents the computational results for the cluster and discusses the physical mechanisms. Section IV provides conclusions and future outlook.
II. Methodology
(a) Reactions of an isolated pentanal molecule
From our previous study on the photochemistry of an isolated pentanal molecule 26 we obtained the following insights into the mechanisms and timescales of the reactions on the lowest triplet state surface. The relative yields of the Norrish type I and II reactions were 34% and 66%, respectively, which is in good agreement with the experimentally observed values. 21, 32 The third type of reaction observed was an ultrafast H-atom detachment; in the small number of trajectories resulting in the H-atom detachment it always occurred on the sub-picosecond timescale. Norrish type I reactions occurred in the timescale of up to 10 ps, whereas Norrish type II reactions mostly occurred after 20 ps. Properties such as bond order and Mulliken charges confirmed that the C-C a bond cleavage of the Norrish type I reaction is homolytic and that two radical fragments are produced. Norrish type II reactions involve an intramolecular H-atom transfer (as confirmed by Mulliken charges and bond orders). The molecule needs to undergo conformational changes until the right configuration for the H-atom transfer is reached. For this reason, the Norrish type II reaction occurs on a longer timescale than the Norrish type I reaction.
(b) Computational approach
Different approaches enable the investigation of photochemical processes, both on the singlet and triplet state surfaces. [36] [37] [38] [39] [40] [41] [42] [43] 71 Noteworthy in particular is the recent progress in non-adiabatic dynamics calculations on triplet-excited state potential energy surfaces. 43 However, for this system, there appears to be no crossing between different triplet state surfaces on the timescale of 100 ps, as verified in the previous study of the bare pentanal. 26 In the simulations reported here, classical trajectories are computed to describe the reaction process in time.
The reliability of the potential surface is of critical importance for accurately capturing the dynamics of the reaction. Based on our experience with related processes, 26,44-46 a semiempirical orthogonalization-corrected Method 2 (OM2) 47 and OM2/MRCI (multireference configuration interaction) 48 was used. The efficiency of the method made possible the calculation of a substantial set of trajectories (100) sufficient to predict the yields of different reaction channels with reasonable accuracy. A cluster size of five pentanal molecules was chosen due to the following considerations: first of all, a cluster of five pentanal molecules is small enough to permit calculations using the OM2/ MRCI method. Secondly, the cluster is large enough to surround a pentanal monomer by neighboring molecules to an extent that the unimolecular reactions may be significantly affected. Lastly, it is estimated that a cluster of this size will be amendable to future experimental studies.
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The structure of the pentanal cluster consisting of five pentanal molecules was optimized in the ground state by the semiempirical OM2 method. The OM2 method was successful in describing Norrish-I and Norrish-II reactions in an isolated pentanal molecule, the processes that can also be expected to occur in the pentanal cluster. 26 A related semiempirical method, Parameterized Model number 3 (PM3), 49 has been previously used for the first principles dynamics calculations for biologically and atmospherically relevant systems. [50] [51] [52] [53] [54] [55] OM2 molecular dynamics simulation in the ground state of the pentanal cluster has shown that the cluster tends to evaporate within the short simulation time.
To improve the method accuracy, dispersion corrections 56 were added in the dynamical simulations. These corrections kept the pentanal cluster intact during ground state molecular dynamics simulation. The dispersion correction by Wu and Yang 56 is described by the following dumping function:
where R is the distance between two atoms, R m is the sum of the atomic vdW radii of the respective atoms, and b has an empirical value of 23.0. Simulation of photoinduced processes in the pentanal cluster was carried out via excited-state dynamics calculations utilizing the semiempirical Modified Neglect of Diatomic Overlap (MNDO) program. 57, 58 The simulation consisted of three steps: (1) groundstate dynamics to sample the initial configurations; (2) vertical transition to the first excited singlet state S 1 and ISC from S 1 to the lowest triplet state T 1 ; and (3) excited-state dynamics on T 1 . The simulation scheme has been applied successfully in two similar systems, and is described in more details in ref. 26 and 46 . The sampling of the initial conditions was carried out by running a trajectory computed using the OM2 potential surface in the ground electronic state for 10 ps, at a temperature of 300 K. The velocity-Verlet algorithm with a time-step of 0.1 fs was employed. The significance of triplet electronic states in the photolysis of carbonyls is well established. 3 It was assumed that the pentanal cluster would go through ISC from the S 1 to the T 1 state before undergoing any photochemical changes. It was further assumed that ISC (eventually) takes place at the geometries where the S 1 -T 1 energy gap is the smallest. Therefore, during the molecular dynamics simulation in the ground state, the S 1 and T 1 energies were computed, and the S 1 -T 1 energy gap was calculated. The observed S 1 -T 1 energy gap range was 0.36-0.69 eV for the pentanal cluster simulations, and these geometries were then used as the starting point for the triplet state dynamics. This approach is similar to our previous approach, 26, 46 except that the step involving excited-state dynamics on the S 1 surface was skipped. Examination of the trajectories shows that the omission of this step is justified, since the system does not gain or lose almost any kinetic energy during the molecular dynamics on the S 1 surface. In the bare pentanal, the velocity distribution at the crossing point after dynamics in the S 1 state is similar to the initial velocity distribution and the average kinetic energy per mode corresponds to about k B T. We note that the velocity distribution obtained from the ground state simulation is of the same value. This has been checked in over a hundred trajectories. Additionally the minor differences in the velocity distribution cannot lead to the major effect in reactions as seen in this study. Therefore our approach is practically similar to ref. 26 . The important point in our approach is the identification of the most probable crossing structures. The reader is referred to ref. 26 and 46 for a more detailed justification of this approach. The selected S 1 -T 1 crossing geometries and atomic velocities were used as the starting conditions for propagating the dynamics on the T 1 surface. Our approach involves an assumption that no additional internal energy is gained by the transfer from the S 1 to T 1 surface. On the T 1 surface, the molecular dynamics simulation using the OM2 potential energy surface was invoked. Ref. 26 gives a detailed justification of why only the dynamics on the T 1 surface is needed for this simulation. Briefly, we have not observed any reactions on the S 1 surface with and without non-adiabatic surface hopping. Non-adiabatic surface hopping is not expected to occur in the simulation time frame. We note that a similar approach has also been used to investigate the dynamics starting from conical intersection on top of the reaction barrier on the excited states. 59, 60 (c) Experimental approach Experiments were done by photolyzing undecanal (a straight-chain aliphatic C11 aldehyde), which conveniently adopts a liquid state under standard conditions. A sample cell with 1 inch diameter calcium fluoride windows and an adjustable (10-1000 mm) path length from Harrick Scientific was used in these experiments. Light traveled from a xenon arc lamp through a 295 nm long pass filter and a collimating lens to the sample cell. Pure liquid undecanal samples were photolyzed, dissolved in methylene chloride (B10 À4 M), and analyzed using a Thermo Trace electron impact gas chromatography mass spectrometer (GCMS) to identify the reaction products.
III. Results and discussion
(a) Ground state simulation Fig. 1 shows a structure of the cluster of five pentanal molecules optimized using the OM2 semiempirical method in conjunction with dispersion corrections. Before the optimization, we aligned all the pentanal molecules such that the aldehyde groups pointed in the same direction. The dispersion interaction is critical to the stability of the cluster; without it pentanal molecules were found to evaporate from the cluster within 10 ps simulation time. With the dispersion forces included, the structure of the cluster did not change much during the timescale of the simulations; the cluster can be described as ''solid-like'' rather than ''liquid-like''. While the optimized structure found may not be that of the global minimum, it corresponds at least to a low-energy minimum since it remains stable in the groundstate simulation at 300 K. Table 1 contains information on the yields and average timescales of these reactions. Scheme 1 compiles the Norrish type reactions along with secondary processes that in some cases follow. Reaction 1a is the first step of the Norrish type I reaction, namely the C-C a bond cleavage resulting in a butyl radical and a formyl radical.
This reaction has also been observed in the bare pentanal molecule. Reaction 1b is the secondary reaction following the C-C a cleavage. The butyl radical reacts with a second pentanal molecule to yield butane and a pentanoyl radical. Additionally, the formyl radical can further react with another pentanal to form a pentanoyl radical and formaldehyde. A total of 17% of the trajectories start with the Norrish type I reaction (Table 1) , very similar to the yield observed for the bare pentanal (14%).
Reaction 2a is the first step of the Norrish type II reaction, namely an intramolecular H-atom transfer from the C g to the Fig. 1 The structure of the pentanal cluster optimized using OM2 with dispersion corrections.
Scheme 1 Norrish type I and II reactions and following secondary intermolecular reactions observed in the molecular dynamics simulations.
Scheme 2 H-atom detachment and H-atom transfer reactions and following secondary intermolecular reactions observed in the molecular dynamics simulations. carbonyl group. The pentanol biradical created by the Norrish type II reaction continues to react (2b) with a second pentanal molecule to create a pentyl hydroxy radical and a pentanoyl radical. The Norrish type II reaction was the dominant pathway in the bare pentanal (27%), but in the cluster it plays a minor role (4%). A possible explanation for the suppression of this process in the cluster is that it requires a substantial change of configuration in order to reach the relevant transition state. Structural constraints introduced by the neighboring molecules and loss of energy in vibrational energy transfer suppress the Norrish II channel and favors cross-reactions instead (see the following discussion). Scheme 2 summarizes other types of reactions occurring in the simulations. The common starting reaction is the H-atom detachment from the aldehydic carbon. The H-atom detachment was described in our recent study on the bare pentanal as a minor event (1%), as well as in the experimental studies. 61, 62 In a small number of trajectories (5%) the H atom evaporates from the cluster on a femtosecond timescale (reaction 3) and is not involved in further reactions. In such cases, a pentanoyl radical is the terminal product.
However, the H-atom transfer to another pentanal molecule plays a major role in the reactions observed in the cluster simulations. In all the other trajectories, the H atom is directly transferred to another pentanal molecule or a secondary radical. The most probable reaction (28%) starts with an H-atom transfer to the oxygen of another pentanal molecule, to form two new radicals, a 1-hydroxy pentyl radical and a pentanoyl radical (reaction 4a). The 1-hydroxy pentyl radical may accept, in a secondary reaction, another H atom from a different pentanal to form pentanol and a pentanoyl radical (reaction 4b). A minor pathway shows the H-atom transfer to the carbon of the carbonyl group, creating the pentyl alkoxy radical and the pentanoyl radical (reaction 5). In total, the combined yield of cross-reactions was three times higher than the combined yield of unimolecular reactions on the simulation timescale of 100 ps. It can be expected that an elongation of the simulation time or increase in the cluster size would increase the effective yield of the secondary reactions even further, and produce additional radicals and molecules. But clearly, a rich photochemistry is already evident even in a small cluster and on a relatively short simulation timescales. Fig. 2 shows the snapshots of the reaction pathways 1a + b + c as an example of the rich photochemistry found here. The first step promptly occurring in about 0.36 ps is the C-C a bond cleavage. Some 50 ps later, a favorable configuration is found to enable the H-atom transfer from the CHO group to the butyl radical, forming butane and a pentanoyl radical. A third pentanal at about 89.4 ps loses its H atom to the formyl radical resulting in formaldehyde and another pentanoyl radical.
Comparison of the reaction timescales observed in the pentanal cluster and in the bare pentanal provides additional insights into the mechanism. Fig. 3 shows a histogram summarizing the times of occurrence of unimolecular reactions for the bare pentanal (a), for the pentanal cluster (b), and the crossreactions in the pentanal cluster (c).
The unimolecular reactions observed in the bare pentanal molecule occur almost uniformly over the whole timescale of 100 ps. In contrast, the same unimolecular reactions in the pentanal cluster are much more pronounced in the beginning of the simulation time window. This suggests that unimolecular reactions can only prevail if the excited molecule is optimally oriented at the beginning of the simulation; if it is not, crossreactions become more probable.
The orientation of the molecules has a large effect on the reactions observed here. Only certain orientations allow an H-atom transfer to neighboring molecules. In addition, the cross-molecular processes play a bigger role on longer timescales. The ultrafast processes, especially the Norrish type I reaction, are less affected by the initial orientation of the molecules. The crossreactions observed in the cluster are distributed almost equally over the whole simulation timescale.
It is also noteworthy to compare the unreactive processes in the bare pentanal molecule vs. the pentanal cluster. For the bare pentanal molecule, 58% of the trajectories on the timescale of 100 ps were unreactive.
This number is reduced to 45% in the pentanal cluster. It can be concluded that the cluster environment enhances the number of reactive trajectories. It can be expected that longer simulation timescales or larger clusters should increase the percentage of reactive trajectories even more.
(c) Experimental evidence and implications
Experimental results on a longer aldehyde, undecanal, qualitatively support the predicted importance of cross-reaction mechanisms in photolysis of aliphatic aldehydes. Norrish type I and II reactions 63 are well known for aldehydes and can be expected to form products, which are consistent with the simulated processes. In particular, the Norrish type I product decane (an analog of the butane product in the simulation) was detected in the photolysis of liquid undecanal by GCMS. Although decane may directly form from the molecular dissociation channel (process A in the Introduction section), the condensed-phase environment offers a more probable pathway via an H-atom abstraction by the initially formed decyl radical from another undecanal molecule.
3,64-69
A Norrish type II product 1-nonene (corresponding to 1-propene in the pentanal photolysis case) was also observed. This product has not appeared in our simulation, but its precursor (pentanol biradical) was created after the first step of Norrish II reaction. Presumably, the actual Norrish II splitting step (eqn (C)) occurs on a much longer time scale than the simulation can realistically handle. There was also clear evidence in the GCMS chromatograms of other cross-molecular reaction products. For example, two aldehyde molecules may undergo autoinhibition via an intermolecular H-atom abstraction to form an undecanoyl radical and an a-hydroxy undecanol radical (similar to the pentanoyl and a-hydroxy pentanol radicals seen in reaction 4a). 67 The latter radical may recombine with the Norrish type I decyl radical to form the experimentally observed photoproducts 11-heneicosanone and 11-heneicosanol. These products are strong indicators of free radical reactions in the condensed-phase. For example, Kossanyi et al. photolyzed benzophenone in an excess of butanal and proposed that the excited benzophenone could abstract an H atom from butanal. It was noted that another butanal molecule could abstract an H atom from the protonated benzophenone radical to give the starting ketone and proceed in a ''chain-like'' reaction. It was emphasized that if only these two processes occurred, then the benzophenone photolysis quantum yield should have been less than 1, but was in fact 1.4 owing to the additional radical reactions.
Kossanyi et al. explained that the larger benzophenone photolysis quantum yield would arise from cross-molecular reactions of radicals with the ground state benzophenone. 68 Similar condensation products in the form of RCOR and RCHOHR have been identified in continuous laser photolysis experiments of pure pentanal by Paquet et al., where the starting aldehyde is RCOH. 67 Other minor secondary photolysis products of undecanal were also observed, but their definite identification requires further analysis.
IV. Conclusions
The following conclusions can be drawn from this study. First of all, a rich photochemistry is observed from the photoexcitation of a pentanal cluster already in the short timescale of 100 ps. In particular, different free radicals are formed, as well as molecules. Intramolecular reactions, such as the Norrish type II splitting, are partly suppressed in the cluster, whereas cross-reactions, especially an H-atom transfer between two different monomeric units of the cluster are pronounced. Nearly three quarters of all reactive events correspond to the crossreactions. Therefore, it is very important to address the issue of cross-reactions in theoretical and experimental studies of organic photochemistry, a topic of high importance, but also of high complexity. Theoretically, the simulation can be extended to larger and more complex systems. The ultimate goal is to adequately simulate photochemical processes occurring in complex environmental systems and involving molecules with multiple other functional groups in addition to the aldehyde group considered in this work. We trust that the small molecular cluster approach presented here will be instrumental in predicting photochemical mechanisms in these systems. The rich photochemistry can have a major effect on the atmosphere, especially on the molecular composition of organic aerosols exposed to sunlight. For example, it has been proposed that photolysis of carbonyls represents an important mechanism of aging of secondary organic aerosols. 70 The occurrence of crossreactions of photoexcited carbonyls in the condensed-phase environment of an organic aerosol particle may significantly increase the efficiency of aerosol photolysis. Photochemical behavior of larger carbonyl compounds, which reside in the condensed-phase because of their low volatility, cannot be 
